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Abstract An earthquake’s stress drop is related to the frictional breakdown during sliding and constitutes
a fundamental quantity of the rupture process. High-speed laboratory friction experiments that emulate the
rupture process imply stress drop values that greatly exceed those commonly reported for natural
earthquakes. We hypothesize that this stress drop discrepancy is due to fault-surface roughness and strength
heterogeneity: an earthquake’s moment release and its recurrence probability depend not only on stress
drop and rupture dimension but also on the geometric roughness of the ruptured fault and the location of
failing strength asperities along it. Using large-scale numerical simulations for earthquake ruptures under
varying roughness and strength conditions, we verify our hypothesis, showing that smoother faults may
generate larger earthquakes than rougher faults under identical tectonic loading conditions. We further
discuss the potential impact of fault roughness on earthquake recurrence probability. This ﬁnding provides
important information, also for seismic hazard analysis.
1. Background and Motivation
Earthquakes can be regarded as frictional phenomena that release tectonically or otherwise accumulated
stresses in the form of slip along generally preexisting fault surfaces [e.g., Scholz, 2002; Aki and Richards,
2009]. The coseismically released static stress drop Δτ—deﬁned as the average change in shear stress on
a rupture surface before and after a slip event—is a fundamental quantity of the rupture process, bearing
information on an earthquake’s frictional breakdown during sliding, its seismic energy release, the frequency content of radiated seismic waves, and earthquake recurrence probability [e.g., Reid, 1910; Brune,
1970; Scholz, 2002; Aki and Richards, 2009]. Static stress drop is relevant for hazard assessment and the general understanding of earthquake physics. Estimates of Δτ based on seismological observations employ a
simpliﬁed representation of the earthquake source that correlates fault slip, moment release, or frequency
content of radiated seismic waves to stress drop [e.g., Brune, 1970; Kanamori and Anderson, 1975; Hanks,
1977; Aki and Richards, 2009; Allmann and Shearer, 2009]. The corresponding values of Δτ are centered at
~3–4 MPa and do not change systematically with earthquake size, which is taken as evidence for self-similar
earthquake scaling [e.g., Kanamori and Anderson, 1975; Hanks, 1977; Allmann and Shearer, 2009]. On the
other hand, laboratory friction experiments indicate an almost complete breakdown in frictional resistance
during sliding when coseismic slip velocities are reached [e.g., Han et al., 2007; Di Toro et al., 2011]. The
observed large change in friction (typically Δμ ≥ 0.5) in such experiments, combined with effective normal
stresses at seismogenic depths (σ eff), yields coseismic stress drops Δτ = Δμσ eff that exceed those derived
from seismological observations by multiples of 10. Consequently, laboratory- and ﬁeld-based estimates
of coseismic stress drop Δτ are incompatible, questioning the validity of current Δτ estimates and the conclusions that are based on them.
We conjecture that the strong discrepancy in Δτ estimates is due to the nonplanarity of natural rupture
surfaces [e.g., Power et al., 1988; Sagy et al., 2007; Candela et al., 2012; Brodsky et al., 2016], the spatial heterogeneity of rock strength on the fault (here strength refers to a fault’s potential to sustain some amount
of shear stress before slippage occurs [e.g., Ripperger and Mai, 2004; Konca et al., 2008; Mai and
Thingbaijam, 2014]), and their combined effect on an earthquake’s slip distribution and moment release.
We employ large-scale numerical simulations to investigate how the surface roughness of a fault and its
strength heterogeneity affect average slip D and seismic moment M0 that are associated to stress drop Δτ.
After describing the numerical model that was used in this study, we present our results and conclusion.
The online supporting information contains additional data on model formulation and adopted physical
parameters.
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Figure 1. Overview of our computational setup. We consider a circular rupture surface that is subdivided into triangular
fault patches. (left) We assign a strength factor to each triangular fault patch, indicating the patch’s potential to sustain
some amount of stress before slippage. We investigate homogeneous (not shown) and heterogeneous strength distributions. The latter are modeled as a self-similar 2-D random ﬁeld while further employing a minimum-strength cutoff level
(see online supporting information). Those strength distributions are normalized to provide on-fault unit strength. (middle)
Fault geometric roughness is also modeled as a self-similar 2-D random ﬁeld and quantiﬁed through dimensionless
roughness metric σ RMS (see online supporting information). We resolve a regional stress ﬁeld (deﬁned by principal stresses
σ H, σ h, and σ V) onto the triangular fault patches according to their orientation within that stress ﬁeld (providing normal and
shear traction σ and τ acting on the fault patch) and their assigned strength factor. (right) The applied shear stresses are
then released via fault slip.

2. Model Formulation
We utilize a quasi-static elastic model for our analysis. As such, it does not capture the dynamic aspects
of rupture propagation, and no seismic radiation occurs. With a simpliﬁed representation of the earthquake source, adopting this model is justiﬁed as it relates closely to the analytical formulations for simple
crack-like rupture [Brune, 1970; Kanamori and Anderson, 1975; Hanks, 1977] with which we compare and
normalize our results.
We deﬁne a circular fault with randomly varying diameter and divide it into approximately equal-sized triangular fault patches (Figures 1 and S1 in the supporting information). The fault is embedded in a homogeneous elastic full-space and we employ formulations by Nikkhoo and Walter [2015] to calculate the
medium’s elastic response to slip. The fault’s complex geometry (i.e., fault roughness) is parameterized as a
2-D random ﬁeld that follows the von Karman autocorrelation function (ACF) (see online supporting information) [Mai and Beroza, 2002]. We model fault roughness to be fractally self-similar (Hurst exponent H = 1) as
opposed to self-afﬁne (H < 1). While this approach may present a simpliﬁcation, it still captures the main characteristics of the surface roughness of natural faults [see Candela et al., 2012; Shi and Day, 2013]. Furthermore,
adopting a self-similar roughness model enables us to provide scale-independent roughness quantiﬁcation
and fault representations: the modeled fault may equally well represent a circular fault with 1 m diameter as
well as 10 km diameter or else. Fault roughness is then quantiﬁed via the dimensionless, single-value metric
σ RMS (equation (1)):
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 1 N 2
∑ h da
(1)
σ RMS ¼
L A i¼1 i
where L is 1-D fault length (here diameter), A is the fault area, i is the index of individual fault patch, N is the
number of fault patches, h is the patch height above a planar reference, and da is the fault patch area [e.g.,
Power et al., 1988].
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For the method, we need to provide a spatial distribution of releasable stress drop, Δτ I. We start with a
stress tensor representing the regional stress state (oriented for a strike-slip fault) in a tectonically active
region and resolve it onto the triangular fault patches (Figures 1 and S2). Shear stress τ i therefore varies
(slightly) from patch to patch, depending on their orientation relative to the stress tensor. We further
assign friction coefﬁcients (uniform across the whole fault) to calculate the normal stress that acts on each
patch assuming depth independence, σ eff,i = τ i/μs (static friction coefﬁcient μs = 0.6). Consistent with
laboratory friction experiments, we assume a nearly complete breakdown in frictional resistance once sliding occurs (dynamic friction coefﬁcient μd = 0.1; Δμ = μs  μd = 0.5 [e.g., Di Toro et al., 2011]), deﬁning the
static stress drop as Δτ i = Δμ σ eff,i. Next, we assign a strength factor ki to each fault patch i. With respect to
the classic friction law this strength factor modiﬁes σ eff,i (and hence Δτ i) acting on the fault patch, Δτ i = Δμ
kiσ eff,i. In case of homogeneous strength, all parts of the fault are equally strong, and hence, ki = 1 for each
patch. Heterogeneous strength distributions are modeled differently. First, we generate a self-similar 2-D
random ﬁeld employing the von Karman ACF (see online supporting information). This ﬁeld is not causally
related to the fault’s fractal geometry. While a distinct correlation of geometry and strength has been suggested [e.g., Brodsky et al., 2016], we intentionally do not prescribe the physical cause that generates
strength heterogeneity, and hence, we parameterize both ﬁelds independent from each other. Next we
pick a percentile (between 0 and 80) that serves as a “strength water level” and determine the
random-ﬁeld value that corresponds to this percentile (kWL). We then set all ﬁeld values below kWL equal
to kWL, subtract kWL from the ﬁeld, and then scale this ﬁeld such that kmean = 1 on the rupture surface
(Figure S2). Lastly, we multiply ki with σ eff,i for each fault patch, modifying the releasable amount of shear
stress Δτ i = Δμ kiσ eff,i for each patch. As a result—depending on percentile water level value of a given
model realization and the fractal characteristics of the ﬁeld—Δτ i may signiﬁcantly exceed the fault’s average stress drop Δτ (Figure 1). The strength factor ki therefore acts to redistribute the fault’s strength (and
hence stress drop), while keeping its mean value constant.
We assume that rupture initiates simultaneously across the whole fault surface; that is, each part of the fault
instantaneously releases the applied shear stress Δτ i through fault slip until all of Δτ i is released. Numerically,
this is achieved through an iterative stress-release loop [e.g., Tullis et al., 2012]: During each iteration, all fault
patches release their currently applied shear stress Δτ i via fault slip. This slip will modify the shear and normal
stresses on all other fault patches (the change in normal stress may cause fault patches to clamp or unclamp,
inhibiting or promoting further in-plane slip along them, respectively). The iterative loop is ﬁnished once Δτ i
on all patches is below a numerical threshold value τ thresh (see online supporting information) [Tullis et al.,
2012], providing a slip distribution along the fault surface (Figures 1 and S4).
For each model realization (i.e., combination of randomly generated fault roughness and strength distribution), we determine average slip D and the corresponding moment release M0 ¼ GAD, where G is the shear
modulus and A is the ruptured area. We use subindex r to refer to geometrically rough faults (e.g., Dr is average slip on a rough fault) and subindex p for its planar equivalent. Rough-fault values are normalized with
their planar-fault equivalents to deﬁne Dn ¼ Dr =Dp and M0,n = M0,r/M0,p, respectively.

3. Results
3.1. Sampling the Fractal Fault Surface
The adopted numerical setup requires a sufﬁciently ﬁne spatial discretization of the rupture surface to
represent its fractal characteristics [e.g., Power et al., 1988; Sagy et al., 2007; Candela et al., 2012;
Brodsky et al., 2016; Zielke and Mai, 2016] with regards to slip D associated with stress drop Δτ, i.e., the
fault’s elastic response. We identify the corresponding model resolution (patch number N) by examining
the average amount of induced stress along a rupture surface due to slip along that surface (also known
as back slip model [e.g., Tullis et al., 2012]) for varying spatial discretization. We ﬁnd that the corresponding metric Δτ norm =ΔN (see online supporting information) asymptotically converges to zero (Figure 2a),
indicating that a parameterization with ~105 fault patches sufﬁces to approximate a fractal rupture surface with respect to the fault’s elastic response. The identiﬁed parameterization may have a profound
physical meaning, deﬁning an effective inner length scale for earthquake rupture: roughness expressions
smaller than this length scale only marginally affect the fault’s elastic response and may be omitted, while
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Figure 2. (a) Approximation of eight randomly generated fractal fault surfaces with different model resolutions. Δτ norm =ΔN
5
converges toward zero for N > 10 patches. (b) Idealized growth of a rupture surface through time t and the location of a
cross-sectional roughness proﬁle a  a0 on the initiation area. (c) Fault roughness along a  a0 exhibits self-similarity. At
rupture initiation t0, only roughness features larger than the inner length scale effectively inﬂuence propagation (indicated
by the proﬁle resolution at t0). Smaller roughness features may be omitted with regards to the slip-stress relationship.
As the rupture grows from t0 to t1 and tn, the inner length scale increases in absolute terms (as it is deﬁned relative to
rupture area). The growing rupture becomes increasingly insensitive to small-scale fault roughness.

roughness expressions larger than this length scale need to be considered to properly incorporate the
fractal character of fault roughness. Because this inner length scale is deﬁned relative to rupture area,
it increases in absolute terms as the rupture area itself grows (Figures 2b and 2c). For instance, roughness
expressions at centimeter scale may distinctly inﬂuence rupture evolution for source dimensions in the
meter-scale range but will have a negligible effect once the corresponding rupture area expands to the
kilometer scale. Following the logic of this example, we infer that the concept of an inner length scale
also extends to self-afﬁne fault roughness. Further note that the concept of an inner length scale is
deﬁned for a crack-like rupture. We speculate that pulse-like ruptures will exhibit a similar length scale
that may be related to the pulse width, rather than rupture area.
3.2. Homogenous Fault Strength
To understand the relationship between σ RMS and M0,n, we ﬁrst discuss rough faults with spatially homogeneous strength on the rupture surface. The corresponding, essentially identical relationship between
σ RMS and Dn may be found in Figure S5. Figure 3 shows that M0,n is substantially modiﬁed by the presence of fault roughness and exhibits an inverse relationship with it. Rough faults (with higher σ RMS
values) generate less seismic moment per stress drop Δτ, relative to what is predicted for a planar fault
[e.g., Kanamori and Anderson, 1975; Aki and Richards, 2009]. For instance, a rough fault with σ RMS ~0.01
—a typical value for natural faults [e.g., Power et al., 1988; Sagy et al., 2007; Candela et al., 2012;
Brodsky et al., 2016]—generates approximately half of the seismic moment than a planar fault, for the
same stress drop (Figure 3). Formulated differently, a rough fault with σ RMS ~0.01 requires an approximately 2 times larger stress drop to generate the same seismic moment as the planar fault. This ﬁnding
suggests that current stress drop estimates for natural earthquakes may be biased low because they do
not account for the effect of fault roughness.
The observed dependency of M0,n on σ RMS is empirically well described by the function (equation (2))
obtained through least squares regression (Figure 3).
γðσRMS Þ ¼

0:0021σ RMS þ 0:0001
σ 2RMS þ 0:0021σ RMS þ 0:0001

(2)

This function allows incorporating the effect of fault roughness into earthquake-scaling relations [e.g.,
Kanamori and Anderson, 1975; Aki and Richards, 2009] that correlate stress drop to slip or seismic moment
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Figure 3. Relationship between normalized seismic moment M0,n and σ RMS. (a) Two exemplary fault surfaces with spatially
heterogeneous strength distribution and their respective contribution to the M0,n  σ RMS relationship. Ruptures with nearcenter strength asperities increase M0,n relative to the homogeneous strength case. Near-edge strength asperities have the
opposite effect. (b) Relationship between fault roughness metric σ RMS and normalized seismic moment M0,n for homogeneous (in black) and heterogeneous strength distributions. The latter are color coded by strength-weighted average
distance between asperities and the center of the circular fault surface dmean. In both cases, we observe an inverse relationship between σ RMS and M0,n: rough faults release less seismic moment per tectonic loading than smooth ones. Least
squares regression of the respective point clouds with a rational function provides an excellent representation of the data
2
(indicated by the R values). On-fault roughness proﬁles (I to IV) for four exemplary roughness values are presented for
visual guidance on the meaning of respective σ RMS values.

by substituting D with Dr ¼ γDp and M0 with M0,r = γ M0,p. For circular crack-like ruptures with radius R and
shear modulus G, this leads to
7π
Dp
Gγ
16
R
7 M0;p
Δτ ¼ γ 3
16 R
Δτ ¼

(3)
(4)

Moreover, in the conceptual framework of fault friction we ﬁnd that D (i.e., γDp ) is proportional to Δμ. The
observed decrease in average slip per stress drop due to fault roughness corresponds to a decreased frictional breakdown during sliding and thus a decrease in Δμ. Hence, fault roughness may be regarded as a bulk
frictional agent [Grifﬁth et al., 2010; Fang and Dunham, 2013], modifying the change in frictional resistance
that is associated with a given stress drop (equation (5)).
Δμr ¼ γΔμ ¼

Δτ
σ eff

(5)

If fault roughness and geometric complexity of fault networks evolve over geologic times [e.g., Wesnousky,
1988; Brodsky et al., 2011], then structurally mature (smoother) faults might generate larger earthquakes per
stress drop Δτ than their less mature (rougher) and geometrically more complex counterparts (Figure 3).
Further, considering that roughness is a controlling factor for fault strength [Brodsky et al., 2016]—and doing
so in light of the stress renewal concept [e.g., Reid, 1910; Scholz, 2002; Aki and Richards, 2009]—implies that an
earthquake’s recurrence probability may be affected by fault roughness. Therefore, smoother (more mature)
faults are weaker than rough (immature) ones [Brodsky et al., 2016], the earthquakes on smooth faults exhibit
smaller stress drops, and smooth faults are faster to regain the coseismically released stresses.
3.3. Heterogenous Fault Strength
So far, we considered spatially homogeneous on-fault strength distributions. Natural faults and the earthquakes occurring on them are affected also by heterogeneous strength over the rupture surface them
[e.g., Somerville et al., 1999; Mai and Beroza, 2002; Ripperger and Mai, 2004; Kanamori and Brodsky, 2004;
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Konca et al., 2008; Mai and Thingbaijam,
2014]—including asperities that constitute the majority of a fault’s strength
and nonasperities that contribute little
to strength (Figure 1). The strength
and corresponding stress drop of an
asperity may greatly exceed the
respective mean values for the whole
rupture surface—depending on asperity size relative to rupture area of the
earthquake [e.g., Somerville et al.,
1999; Mai and Beroza, 2002; Ripperger
and Mai, 2004; Kanamori and Brodsky,
2004; Konca et al., 2008; Mai and
Thingbaijam, 2014]. Indeed, the
Figure 4. Relationship between seismic moment release and corresponding rupture area for natural earthquakes (solid black dots and squares) and inferred coseismic stress drops on
those asperities [e.g., Ripperger and
our simulation results (color coded by roughness of the ruptured surface).
For reference, the dashed lines indicate the stress drops for crack-like
Mai, 2004; Mai and Thingbaijam, 2014]
rupture along planar rupture surfaces. Using a stress drop of 6 MPa on
compare well with stress drops suggeometrically rough rupture surfaces, along with the spatial heterogeneity
gested by high-speed laboratory fricof fault strength, explains the observational data in the 1–10 MPa, planartion experiments [e.g., Kanamori and
reference range. Stress drop is not required to vary as much as previously
Brodsky, 2004; Han et al., 2007; Di Toro
suggested if fault geometry and strength heterogeneity are accounted for.
et al., 2011]. We conclude that laboratory friction experiments portray “only” the rupture behavior of strength asperities. In contrast, natural earthquakes rupture both strength asperities and nonasperities, so that the corresponding stress drop estimates
represent a spatially averaged rupture behavior. The discrepancy between ﬁeld-based and laboratory-based
estimates of Δτ is primarily related to the presence of fault strength heterogeneity. In the present study we
introduce this heterogeneity by modifying σ eff,i via the strength factor ki. Other physical parameters and processes may have a similar effect [Parsons and Minasian, 2015].
Our simulations show that model realizations with spatially heterogeneous strength exhibit the same general
dependency of Dn and M0,n on σ RMS as the homogeneous strength cases, however, with larger absolute variability that inversely depends on σ RMS (Figures 3 and S5). This variability remains constant relative to the
expected value of γ and is well described by a Gaussian probability distribution with zero mean and standard
deviation = 0.2 γ (Figure S6). Next, we investigate the strength-weighted average distance dmean (see online
supporting information) between asperity location and the center of the circular fault surface (color coding in
Figures 3 and S5 for heterogeneous-strength simulations). We observe an inverse relationship between dmean
and M0,n: ruptures with near-center strength asperities (small dmean) are associated with a larger moment
release, compared to ruptures that have near-edge strength asperities (Figure 3). This observation relates
to an edge effect that partially conﬁnes rupture growth to the asperity area due to its proximity to a fault
boundary, thus lowering the overall rupture area and associated slip amount (Figure S7). Therefore, the onfault positions of strength asperities are the controlling factor for an earthquake’s moment release.

4. Conclusion
Figure 3 indicates that an earthquake’s moment release may vary widely depending on the geometric roughness of the rupture surface and the location of strength asperities (e.g., M0,n between 10 and 140% for σ RMS
between 0 and 0.03). Without considering fault roughness and strength heterogeneity, this variability in
moment release would be attributed to stress drop variations (Figure 4). However, we show that the reported
range of stress drop estimates for natural earthquakes [e.g., Kanamori and Anderson, 1975; Hanks, 1977;
Allmann and Shearer, 2009] can be produced with a single stress drop value, generating variable slip and
moment release on rough faults with different roughness metrics and strength asperity locations (Figure 4).
The actual variability in fault-averaged stress drop may therefore be smaller than what is currently assumed,
which in turn relates to types and effectiveness of weakening mechanisms that operate during the
rupture process.
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Small- to moderate-sized earthquakes may exhibit an apparently smaller stress drop than predicted by our
numerical simulations (Figure 4). We point out that we modeled strength asperities to reproduce characteristics observed in laboratory friction experiments—with a nearly complete breakdown in frictional resistance.
It is plausible that not all ruptures (particularly smaller-sized ones) are capable of reaching the conditions to
initiate the weakening mechanisms that cause this extreme frictional decay [e.g., Kanamori and Brodsky, 2004;
Han et al., 2007; Di Toro et al., 2011]. Those earthquakes would exhibit a lower stress drop on strength asperities and consequently over the entire rupture surface. It is also plausible that the rupture surfaces on which
those small- to moderate-sized events occur are even rougher (σ RMS > 0.03) than what we captured in our
simulations (Figure 4).
Our study shows that geometric fault roughness and on-fault strength heterogeneity strongly affect an earthquake’s seismic moment release. Here we only considered a fully elastic medium. Presence of off-fault
damage, an efﬁcient energy sink, is likely further increasing the amount of stress required to generate a certain earthquake size. It is important to further investigate how these parameters inﬂuence earthquake rupture characteristics (e.g., earthquake recurrence probability). Fault roughness and strength heterogeneity
can also be incorporated into existing (scaling) relationships to provide a more comprehensive framework
to study and understand the earthquake rupture process.
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